Abstract: This paper describes the structural control of polyolefins achieved by using group 4 transition metal complex catalysts featuring a pair of phenoxy-imine chelate ligands (named FI catalysts). FI catalysts can produce very low to ultrahigh molecular weight polymers. For example, a Zr-FI catalyst bearing a cycloalkyl group on the imine-nitrogen with methylaluminoxane (MAO) activation is capable of selectively forming vinyl-terminated low molecular weight polyethylenes (M w < 5000) whereas a Zr-FI catalyst with a triethylsilyl group ortho to the phenoxyoxygen can generate ethylene/propylene amorphous copolymers with ultra-high molecular weights (M w > 10 000 000) when treated with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 . In addition, a Ti-FI catalyst, possessing an o-phenoxytrimethylsilyl group, with MAO can form highly syndiotactic polypropylenes ([rrrr] = 84%, T m = 140°C) via a chainend control mechanism. Conversely, upon activation with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 , a Hf-FI catalyst with a tert-butyl group ortho to the phenoxy-oxygen is able to produce high molecular weight isotactic polypropylenes ([mm] = 69%, T m = 124°C, M w = 412 000) via a site control mechanism. Therefore, FI catalysts have shown the ability to create various polyolefin architectures by simple variation of the central metal, the ligand structure and the co-catalyst.
Introduction
Historically, the discovery of highly active olefin polymerization catalysts has been the key to produce novel polyolefins with new or enhanced performance parameters, as demonstrated by the discovery of heterogeneous Ziegler-Natta catalysts [1] [2] [3] [4] [5] [6] , metallocene catalysts [7] [8] [9] [10] [11] [12] [13] [14] and constrained-geometry catalysts (CGC) [15] [16] [17] [18] [19] [20] [21] . In particular, the discovery of highly active metallocene catalysts and CGC has had an enormous impact on polyolefin science. This is because these highly active catalysts are single-site catalysts and thus possess well-defined active sites, unlike heterogeneous Ziegler-Natta catalysts, providing the advantages of control over polymer molecular weight and molecular weight distribution, uniform comonomer incorporation and precise control of polymer stereoregularity. Because of these advantages, single-site catalysts have offered the potential of building polymers with unique microstructures and related properties (e.g., linear low-density polyethylene (LLDPE), isotactic and syndiotactic polypropylene (iPP and sPP), syndiotactic polystyrene (sPS), ethylene-styrene interpolymers (ESI) and polyolefinic elastomers). Although 1 market penetration by single-site catalysts has been slower than originally expected because of the relatively high price of the products, in recent years metallocene catalysts and CGC have enjoyed success in the commercial production of various high performance polymers such as those listed above.
The need for greater control over the products of olefin polymerization, combined with recent advances in the rational design of well-defined transition metal complexes, has resulted in the additional development of highly active, single-site catalysts based on both early and late transition metal complexes . Many of these show high catalytic activities, comparable to those seen for metallocene catalysts and CGC. In addition, one can produce unique polymers (e.g., hyperbranched polymers, polar monomer copolymers and polyolefinic block copolymers) that were previously unavailable through other means of polymerization.
In our own research we have studied well-defined transition metal complexes featuring non-symmetric bidentate [59] [60] [61] [62] [63] and tridentate ligands that possess electronically flexible properties as potentially viable catalysts [64] . As a result, we discovered new families of highly active transition metal complex catalysts bearing phenoxy-imine [O - , N] , N] ligated group 4 transition metal complex catalysts (named FI catalysts) in particular are strikingly active catalysts for the polymerization of ethylene (max. activity: turnover frequency = 64 900 s -1 ·atm -1 ), as introduced in our patent filed in April 1997 [65] and in a series of subsequent papers 142] .
The very high catalytic efficiency and easily varied steric and electronic properties of the phenoxy-imine ligands of the FI catalysts have afforded a wide variety of polyolefinic materials that are either difficult or impossible to prepare using conventional catalysts [65, 66] . For example, fluorinated Ti-FI catalysts are capable of promoting highly controlled living ethylene polymerization as well as highly syndiospecific living propylene polymerization at an elevated temperature of 50°C, allowing access to both ethylene-and propylene-based block copolymers (e.g., PE-b-EPR, PE-b-sPP, sPP-b-EPR, PE-b-EPR-b-sPP) in addition to monodisperse PEs and sPPs [66, [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] . Also, the catalytic synthesis of monodisperse PEs and Zn-terminated PEs has been achieved by a combination of specifically designed Ti-FI catalysts with chain transfer agents [93] . This highly controlled living polymerization behavior is thought to stem from an unprecedented interaction between a fluorine in the ligand and a β-H on the growing polymer chain. The remarkable living polymerization behavior of the fluorinated Ti-FI catalysts has been reviewed or commented upon elsewhere [25, 94, 95] .
The success of FI catalysts is not limited to the living polymerization of ethylene and propylene. With variation of the central metal, the ligand architecture and the cocatalyst, FI catalysts have provided access to various distinctive polymers with high efficiency. For instance, Zr-FI catalysts combined with MAO can produce vinylterminated low molecular weight PEs [77] and ethylene/propylene copolymers, welldefined multimodal PEs [82] and ethylene/butadiene copolymers with unique microstructures [65] . Conversely, with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 , Zr-FI catalysts are capable of forming ultra-high molecular weight PEs and ethylene/propylene amorphous copolymers [78] . Alternatively, on treatment with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 , Hf-FI catalysts are able to provide high T m iPPs via a site control mechanism [79] . In addition, Ti-FI catalysts with MAO activation can afford highly-syndiotactic PPs via a chain-end control mechanism [83] , whereas with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 they are capable of producing ultra-high molecular weight atactic PPs [79] and regio-and stereo-irregular high molecular weight poly(1-hexene)s [70] .
Erker et al. have recently studied the structural properties and ethylene polymerization behavior of a series of Ti-and Zr-FI catalysts. Significantly, they have demonstrated that the favored coordination geometry of Ti-FI catalysts can be controlled by carefully balancing the electronic and steric effects [109] , suggesting that FI catalysts potentially form well-defined multimodal polymers [82] . In addition, more recently, Coates and co-workers have reported propylene polymerization behavior of a modified version of Ti-FI catalysts, one of which can carry out living propylene polymerization at ambient temperature and can form a sPP-b-EPR diblock similar to that synthesized by us [110] . Moreover, Qian et al. have reported Ti complexes incorporating both a phenoxy-imine and a cyclopentadienyl (Cp) ligand (mixed FI/metallocene catalysts) that display higher catalytic performance than Cp 2 TiCl 2 for the polymerization of ethylene and ethylene/1-hexene under the conditions examined [111] . Therefore, FI catalysts and related early transition metal complexes have attracted great interest in both academic and industrial research groups [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] .
We describe herein polyolefin structural control as achieved by FI catalysts, focusing on the molecular weights of PEs and ethylene/propylene copolymers and on the molecular architectures of PPs by changing the central metal, the ligand structure and the co-catalyst. In addition, we discuss mechanisms for stereoselective propylene polymerization using FI catalyst systems that are capable of producing isotactic, atactic and syndiotactic PPs (Scheme 1).
Scheme 1. Polyolefin structural control by FI catalysts

Synthesis of very low and ultra-high molecular weight polymers
The precise control of polymer molecular weight has been a challenging subject that is of both practical as well as fundamental interest (precise control of chain transfer or termination steps). Although various catalysts are now available to yield polymers with a wide range of molecular weights, the highly efficient selective synthesis of very low molecular weight polymers (1000 < M w < 5000) that have olefinic end groups and of ultra-high molecular weight polymers (M w > 3 000 000) are important objectives that remain to be achieved [46, 47, 120, 121] . Low molecular weight polyolefins with olefinic end groups can be used for functionalization or further polymerization. In addition, high molecular weight polyolefins display better mechanical properties compared to low molecular weight ones. Therefore, these comparatively uncharted polymers should have many potential applications.
Preliminary investigations into the control of polymer molecular weights using FI catalysts revealed that Zr-FI catalysts are viable tools for the production of low to very high molecular weight PEs [73] . As summarized in Tab. 1, by selecting the R 1 and R 2 substituents and with MAO activation, controlled PE molecular weights between 10 000 and 2 200 000 can be achieved while maintaining high catalyst activities comparable to or exceeding that observed for Cp 2 ZrCl 2 under the same conditions (20 kg PE / (mmol cat · h)).
The data in Tab. 1 show that the steric bulk of the R 1 substituent in particular affects the molecular weight of the product, suggesting that the R 1 substituent is situated in close proximity to the active site. 13 C NMR as well as IR analyses demonstrated that the PEs arising from Zr-FI catalysts with MAO generally possess a high degree of vinyl unsaturation at one of the two polymer chain-ends. These results indicate that the predominant mechanism for chain termination with Zr-FI catalyst/MAO systems is β-H elimination. Therefore, it was revealed that the R 1 substituent can control the rates of β-H elimination, suggesting that modification of the R 1 substituent may lead to the development of FI catalysts capable of forming both very low and ultra-high molecular weight polymers [73] .
Tab. 1. Results of ethylene polymerization with Zr-FI catalysts To our surprise, changing the co-catalyst from MAO to i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 resulted in exceptionally high molecular weight PEs (1, M v = 3 830 000; 6, M v = 4 250 000) [73, 75, 78] . These ultra-high molecular weight PEs possess great potential as materials for artificial bones, artificial legs, bulletproof vests, etc. Likewise, with a i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 co-catalyst the Zr-FI catalysts produced high molecular weight ethylene/propylene copolymers (e.g., 1: M v = 1 090 000, propylene content 20.7 mol-%, activity 8 kg polymer / (mmol cat · h)) although with MAO activation the Zr-FI catalysts formed low molecular weight copolymers (e.g., 1: M v = 5000, propylene content 10.1 mol-%, activity 22 kg polymer / (mmol cat · h)). These results suggest 4 that Zr-FI catalysts with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 co-catalyst systems are probably well suited to the production of ultra-high molecular weight polymers.
While the specific co-catalyst that is used often has an effect on the catalytic performance of the resulting catalyst system, the difference observed in the molecular weight is highly unusual. Thus, we postulated that the localized structures of the active species are modified depending on which co-catalyst is employed. 1 H NMR studies of a mixture of Zr-FI catalyst 1 and i Bu 3 Al at 25°C showed that the phenoxyimine ligand is reduced by i Bu 3 Al to a phenoxy-amine ligand with the co-production of isobutene (Scheme 2). Scheme 2. Reaction scheme for the formation of a phenoxy-amine complex
The addition of Ph 3 CB(C 6 F 5 ) 4 and then ethylene gas to the resulting mixture in the NMR tube afforded PE. Although the precise nature of the active species of the i Bu 3 Al/Ph 3 CB(C 6 F 5 ) 4 co-catalyst system has not been elucidated, these results suggest that 1 in combination with i Bu 3 Al/Ph 3 CB(C 6 F 5 ) 4 forms a bis(phenoxy-amine) complex having a i Bu 2 Al attached to the amine-donor as a catalytically active species, at least at the initial stage. The same observations (i.e., imine reduction with i Bu 3 Al to form amine functionality) were made for the corresponding Ti-and Hf-FI catalysts [75, 78, 79] .
With these baseline results established, the selective synthesis of low molecular weight PEs with vinyl chain ends and of ultra-high molecular weight polymers has been attempted using Zr-FI catalysts.
Vinyl-terminated low molecular weight polyethylenes
Further research focusing on the modification of the R 1 substituent resulted in the discovery of a series of Zr-FI catalysts incorporating phenoxy-cycloalkylimine ligands that are capable of producing vinyl-terminated low molecular weight PEs (M w < 5000) [77] . Data for ethylene polymerization with MAO activation using Zr-FI catalysts 7 -9 are collected in Tab. 2. For comparison, polymerization data for the Zr-FI catalyst 10 and Cp 2 ZrCl 2 are also included.
A comparison of the molecular weights in Tab. 2 indicates that an R 1 cycloalkyl group attached to the imine-nitrogen significantly affects the product molecular weight. Zr-FI catalysts 7 -9, which have a cyclopropyl, cyclobutyl or cyclopentyl group on the imine-nitrogen, convert ethylene to yield low molecular weight PEs (M w < 5000) in contrast to 10, which has a cyclohexyl group (M w = 13 800). Among the Zr-FI catalysts examined, Zr-FI catalyst 8 with the cyclobutyl group afforded the lowest molecular weight PE (M w = 2100). Molecular weight distribution data (M w / M n = 1.52 -1.82) showed that the PEs are produced from a chemically homogeneous active species. It should be noted that Zr-FI catalysts 7, 8 and 9 provide the intended PEs 5 Although there is no clear relationship between the molecular weight and the R 1 cycloalkyl group on the imine-nitrogen, it seems that the sterically smaller cycloalkyl group is prone to the formation of lower molecular weight PEs. Considering that molecular weight is determined by the relative rate of chain propagation and chain termination, then cyclobutyl and cyclopentyl groups would appear to encourage increased β-H elimination relative to the cyclohexyl group. Whereas 8, which bears the cyclobutyl group, forms the lowest molecular weight PE (M w = 2100) among the catalysts investigated, Zr-FI catalyst 9 with the cyclopentyl group exhibits faster chain termination rates than Zr-FI catalyst 8. Therefore, having a cyclopentyl group attached to the imine-nitrogen seems ideal when a premature chain-transfer step is involved.
It is of great significance that Zr-FI catalysts 7, 8 and 9 polymerize ethylene to yield vinyl-terminated (90%) low molecular weight (M w < 5000) linear PEs possessing narrow molecular weight distributions (M w /M n = 1.52 -1.82). These are the first examples of group 4 olefin polymerization catalysts that yield vinyl-terminated low molecular weight PEs with high efficiency at ambient temperature.
The vinyl-terminated PEs that are formed using the Zr-FI catalysts may serve as macromonomers in copolymerization reactions with ethylene or α-olefins to yield long-chain branched polymers, which are anticipated to possess an excellent combination of material properties and processability. In addition, these PEs can be transformed by chain-end functionalization to form terminally functionalized polymers. The functional groups should influence the orientation of the polymer chains, and thus are expected to provide ways of altering polymers to modify dyeability, adhesion, melt and solution rheology, etc. Applications of the vinyl-terminated PEs formed with FI catalysts are currently underway.
Ultra-high molecular weight polymers
Attempts to produce ultra-high molecular weight PEs using Zr-FI catalysts with MAO were not fully successful. Zr-FI catalyst 11, which has a 2-tert-butylphenyl group on the imine-nitrogen (R 1 = 2-tert-butylphenyl, R 2 = tert-butyl, R 3 = H) provided a PE with a M v of more than 2 740 000, albeit at a very low rate (0.1 kg PE / (mmol cat · h)) [73] . The formation of very high molecular weight PEs with low activities is not uncommon. It is clear that the tert-butyl group introduced curtailed chain transfer, leading to the production of ultra-high molecular weight PE. However, overcrowding originating from the tert-butyl group reduces the catalytic activity by limiting access for the monomer to the active site and/or the growth of a polymer chain, resulting in an extremely low activity.
As already suggested, Zr-FI catalysts in association with i Bu 3 Al/Ph 3 CB(C 6 F 5 ) 4 (resulting in the generation of a phenoxy-amine Zr complex) have high potential for the formation of very high molecular weight polymers. We therefore tried to produce ultra-high molecular weight polymers using Zr-FI catalysts with i Bu 3 Al/Ph 3 CB(C 6 F 5 ) 4 . Elaborate catalyst design focusing particularly on the R 2 substituent (ortho to the phenoxy-oxygen) resulted in the development of Zr-FI catalyst 12, which yields strikingly high molecular weight polymers (Fig. 1) [78] . At 0.1 MPa of ethylene pressure and 25°C, a combination of i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 and Zr-FI catalyst 12, which has triethylsilyl, methyl and methoxy groups in the ligand, generated a PE for which we were able to determine neither the molecular weight using gel permeation chromatography (GPC) nor the viscosity-average molecular weight (M v ) based on [η]. This was due to its exceptionally low solubility in the solvents employed for the measurements, suggesting an extremely high molecular weight. These results may indicate that the catalyst system has the ability to produce high molecular weight ethylene-based copolymers.
With metallocene catalysts, the production of high molecular weight copolymers (M w > 3 000 000) at technical process temperatures is normally very difficult to achieve due to competing chain termination reactions, although the copolymers formed have narrow distributions of molecular weights and chemical compositions. Alternatively, heterogeneous Ziegler-Natta catalysts are capable of producing high molecular weight copolymers at elevated temperatures. However, the copolymers that are produced have broad distributions of molecular weight and chemical composition. Typically, the shorter chains possess higher comonomer content, which has a detrimental effect on material properties.
Ethylene-propylene copolymerization was performed with the catalyst system in the hope of furnishing high molecular weight copolymers, preferably with uniform microstructures. Zr-FI catalyst 12 in combination with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 at 70°C under 0.9 MPa ethylene-propylene total pressure formed an amorphous copolymer (propylene content 20.0 mol-%, 13 C NMR) with a very high activity of 36 kg polymer / (mmol cat · h).
Notably, analysis of the copolymer by GPC revealed that it has an astonishing molecular weight (M w ) of 10 200 000 (versus polystyrene standards of M w = 8 420 000, 20 600 000). This molecular weight (10 200 000) represents the highest M w known for linear, synthetic copolymers to date. The polydispersity (M w /M n ) of the copolymer was 2.52, the expected value for a polymer made via a single-site catalyst when the molecular weight is limited by the rate of chain transfer. GPC-IR analysis (Fig. 2) showed that the copolymer possesses a narrow propylene distribution, as anticipated. According to 13 C NMR analysis of the resulting copolymer, it possesses an alternating character (sequence distribution: EEE 46.3%, EEP 28.2%, PEP 5.2%, EPE 18.5%, PPE 1.8%, PPP 0%, propylene content 20.0 mol-%). The polymer contains virtually no regio-irregular placements of propylene co-units. Ultra-high molecular weight copolymers with chemically homogeneous structures can be used as high-performance materials such as compatibilizers, additives and adhesives. Fig. 3 shows the calculated structure of an active species that forms ultra-high molecular weight ethylene/propylene copolymers. Steric congestion, derived from the triethylsilyl group and the amine moiety, near the polymerization reaction center appears to diminish the rates of chain termination or transfer processes yet permits the monomer access to the active site and the monomer's insertion to the metal-carbon bond. Therefore, it is a structure that may accomplish the production of ultra-high molecular weight (co)polymers with high efficiency. The results obtained indicate that with appropriate catalyst design, it is possible to develop a catalyst that creates ultra-high molecular weight copolymers with uniform microstructure.
Regarding molecular weight control, living olefin polymerization techniques allow the preparation of polymers with predictable molecular weights and narrow molecular weight distributions. In general, Ti-FI catalysts show some of the characteristics of living ethylene polymerization under limited conditions and thus have potential as catalysts for the production of PEs with precisely controlled molecular weights [83, 88] . The incorporation of a fluorinated phenyl group on the imine-nitrogen results in effective living polymerization catalysts for propylene as well as ethylene, allowing precise molecular weight control of both PEs and PPs, which is discussed elsewhere [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] . 
Synthesis of syndiotactic or isotactic polypropylene
Isotactic polypropylenes (iPPs) belong to the most widely used polymers due to their superior properties and environmental compatibility. Compared with iPPs formed with heterogeneous Ziegler-Natta catalysts, those made with single-site metallocene catalysts show improved properties, in particular better stiffness and stiffness/impact balance. On the other hand, sPPs arising from metallocene catalysts, which were the first systems to produce highly syndiotactic sPPs, have some interesting physical characteristics, such as high clarity and high room temperature impact strength. Therefore, these single-site PPs are penetrating the PP market.
Generally, metallocene catalysts having C 2 symmetry can be highly effective in producing iPPs, whereas those with C s symmetry are capable of forming highly syndiotactic PPs. In addition, certain metallocene catalysts possessing C 1 symmetry are known to make highly isotactic PPs.
Although nearly perfect isospecific and syndiospecific propylene polymerizations have been achieved by explicitly designed metallocene catalysts [122, 123] , there is still considerable interest in the development of catalysts for the controlled polymerization of propylene due to the current importance and the great possibilities of PPs.
Syndiotactic polypropylene (sPP)
X-ray crystallographic analysis suggests that molecules of Zr-FI catalyst 1 possess approximately octahedrally coordinated metal centers and C 2 symmetry. Therefore, FI catalysts were initially targeted as catalysts capable of producing iPP via a sitecontrol mechanism, as with the C 2 symmetric metallocene catalysts developed by Ewen, Brintzinger and Kaminsky, and Spaleck [124] [125] [126] [127] [128] . The propylene polymerization behavior of Ti-, Zr-and Hf-FI catalysts was investigated with MAO activation under 0.37 MPa of propylene. While Zr-and Hf-FI catalysts produce propylene 9 oligomers, Ti-FI catalysts can form semi-crystalline or crystalline PPs [83] . Polymerization results with Ti-FI catalysts 13 -20 are summarized in Tab. 3.
Tab. 3. Propylene polymerization with Ti-FI catalysts 13 -20 / MAO a)
It was revealed that Ti-FI catalysts 15, 16, 19 and 20, which bear a tert-butyl or a trimethylsilyl group in the R 2 position (ortho to the phenoxy-oxygen) produced crystalline or semi-crystalline polymers. These polymers display peak melting temperatures (T m ) ranging from 97 to 140°C, indicating the formation of stereoregular polymers. These facts suggest that the R 2 substituent is situated in close proximity to the active site, and the substituent can therefore display steric repulsion with respect to the methyl group on the reacting propylene. From these results it seemed at first that the polymerization proceeded via a site-control mechanism and formed iPP. Surprisingly, microstructural analyses using 13 C NMR spectroscopy revealed that the polymers are sPPs with [rrrr] contents in the range of 63 to 84%, regardless of C 2 symmetric catalysts. The unexpected formation of sPPs suggests that catalyst symmetry is not a rigid requirement for determining polymer stereochemistry, though a predictable relationship between catalyst symmetry and polymer tacticity has been practically established vis-à-vis metallocene catalysts.
The sPPs synthesized with Ti-FI catalysts contain isolated m-dyad errors ([rrrm] and
[rmrr]; a stereochemical error is propagated) in the methyl pentad region (Fig. 4) , indicating that the polymer chain-end controls the syndiospecificity of propylene insertion (chain-end control mechanism). Therefore, a chain-end control mechanism overrides the C 2 symmetry of Ti-FI catalysts.
The syndioselectivity ([rrrr] = 63 -84%) displayed by Ti-FI catalysts is very high for a chain-end control mechanism because chain-end control operates well at very low to sub-ambient temperatures and loses its stereoregulating capability at elevated temperatures. In particular, Ti-FI catalyst 16 is unique in its ability to produce a highly stereoregular polymer with a very high T m ([rrrr] = 84%, T m = 140°C). Prior to the discovery of the fluorinated Ti-FI catalysts such as 21 and 22 [66, 89, 92, 96] (Fig. 5) , the pentad and T m values obtained with Ti-FI catalyst 16 were the highest reported to date for sPPs produced via a chain-end control mechanism. On analysis of the data contained within Tab. 3, several important points emerge regarding the substituent effects:
(1) The R 2 substituent plays a decisive role in the achievement of the syndioselective polymerization and the steric bulk provided by the R 2 substituent is fundamental to obtaining tactic polymers.
(2) The R 2 substituent significantly influences catalytic activity, and a moderate degree of steric crowding seems to be optimal for obtaining high activity.
(3) The attachment of an alkyl substituent to the phenyl group on the imine-nitrogen results in a deleterious effect on catalytic activity and renders the resulting FI catalyst practically inactive for propylene polymerization.
(4) The R 3 substituent has no significant influence on catalyst performance.
Thus, the structure-catalyst performance relationships of Ti-FI catalysts with MAO activation have been established. The relationships provide a basis for the development of Ti-FI catalysts (phenoxy-imine ligated Ti complexes) for propylene polymerization.
One striking feature observed is that despite the chain-end control mechanism, the steric bulk of the R 2 substituent seems to control the syndioselectivity of the polymerization and a sterically bulky substituent results in highly-syndioselective propylene polymerization. Therefore, we have given the name ligand-directed chain-end control to these chain-end controlled polymerizations that are evidently governed by the ligand structures [83, 92, 96] .
Coates et al. have extended a combinatorial approach to the rapid screening of stereoselective polymerization using Ti-FI catalysts [129] . In consequence, they have identified Ti-FI catalyst 20 as a stereoselective catalyst out of 78 possible FI catalysts bearing phenoxy-imine ligands synthesized from a combination of three salicylaldehydes and four anilines. They reported that Ti-FI catalyst 20 combined with MAO forms sPP (0°C, [rrrr] = 78%) with a T m of 108°C via a chain-end control mechanism. The reported stereoselectivity is very high compared to our data summarized in Tab. 3 (1°C, [rrrr] = 69%, T m = 107°C). Although the combinatorial approach is often viewed by some with scepticism, the results obtained are consistent with the structure-catalyst performance relationships established for Ti-FI catalysts. Namely, considering the substituent effects on catalytic activity and syndioselectivity discussed above, the most promising syndioselective catalyst is FI catalyst 20, which is exactly the type of structure that Coates et al. identified as a syndioselective catalyst. Consequently, the usefulness of a combinatorial approach for the rapid screening of catalysts for stereoselective propylene polymerization as well as ethylene polymerization has been demonstrated.
The following sections will deal with regio-and stereochemistry displayed by Ti-FI catalysts in detail.
sPP: Regiochemistry
As discussed above, Ti-FI catalysts 15, 16, 19 and 20 formed sPPs with high [rrrr] contents of up to 84% at 1°C via a chain-end controlled mechanism. Considering that chain-end control is enhanced by 2,1-insertion because of the increased steric influence of the chain-end on enchainment relative to 1,2-insertion, it is reasonable that the high level of stereoselectivity obtained with Ti-FI catalysts is the result of a 2,1-insertion process. In fact, V-and Fe-based polymerization catalysts are known to prefer 2,1-insertion of propylene [130] [131] [132] . Moreover, we revealed that Ti-FI catalysts with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 favor the 2,1-insertion of 1-hexene and form high molecular weight poly(1-hexene)s with c. 50 mol-% of regio-irregular units [70] .
The mechanism of insertion (1,2-or 2,1-) in propylene polymerization with Ti-FI catalysts was elucidated by extensive chain-end analyses of living sPPs produced from a fluorinated Ti-FI catalyst 15 [91, 96] . 13 C NMR spectroscopic analyses of the sPPs with controlled low molecular weights (M w = 2000, 3300, and 9700; M w /M n = 1.05 -1.09) demonstrated that the polymers contain three kinds of chain-ends (n-propyl c. 35%, isobutyl c. 33%, isopentyl c. 33%) out of seven possible chainends. If the first propylene is enchained by a 2,1-insertion, the resulting PP has an ethyl chain-end. However, no ethyl chain-end is found in the PP (Fig. 5 , sPP with M w = 2000). This shows unambiguously that the first propylene is inserted into the Ti-Me bond of an initial active species generated from Ti-FI catalyst 15 and MAO in a 1,2-12 fashion. The n-propyl chain-end (35%) is the termination chain-end originating from the termination after consecutive 2,1-, 2,1-insertion, suggesting that 2,1-insertion is predominant for chain propagation (c. 70%). Consequently, syndioselective propylene polymerization is initiated exclusively via 1,2-insertion followed by 2,1-insertion as the principal mode of polymerization. We have thus discovered a highly unusual mechanism of insertion in propylene polymerizations with Ti-FI catalysts.
Chain propagation was shown to occur with dominant 2,1-insertion, a phenomenon never observed for a group 4 metal-based catalyst. With this unusual insertion mode, Coates et al. have successfully prepared sPP-b-poly(methylenecyclopentane-co-vinyl tetramethylene) from propylene and 1,5-hexadiene using a modified Ti-FI catalyst [133] . Fig. 6 . Chain-end analysis of the low M n living PP using 13 C NMR Taking into account the fact that the initiation occurs exclusively through 1,2-insertion into a Ti-Me, generating a very sterically hindered Ti-isobutyl species, and the following chain propagation occurs predominantly via 2,1-insertion, the 2,1-insertion may be derived from steric congestion provided by the polymer chain attached to the Ti (Ti-isobutyl and then Ti-secondary carbon end group), which places the methyl of the reacting propylene in the opposite direction to the polymer chain. 13 C NMR spectroscopy was also used to obtain information about the microstructure of the sPP derived from the Ti-FI catalyst 15. The absence of n-butyl and isopropyl chain-ends shows that there are no termination chain-ends derived from termination after 1,2-, 2,1-or 2,1-, 1,2-insertion. These results indicate that c. 30% of termination chain-ends are derived from termination after consecutive 1,2-, 1,2-insertion, which is consistent with the estimated value based on the amount of isobutyl groups originating from termination chain-ends (c. 17%). These results may suggest that the polymer arising from Ti-FI catalyst 15 has a block-like structure consisting of consecutive 2,1-and 1,2-insertion segments (regio-block structure) [96] .
Using elaborate polymerization as well as NMR techniques, the regiochemical mechanism for propylene polymerization with Ti-FI catalysts has been investigated by Pellecchia et al. [134] followed by Coates et al. [135] , they all agreeing that 2,1-insertion of propylene occurs predominantly in Ti-FI catalysts. These results have confirmed the generality of the 2,1-insertion mechanism. Recently, based on computational studies, Talarico, Busico, and Cavallo [137, 138] suggested that 1,2-insertion is slightly favored for a 1,2-inserted polymer chain, whereas 2,1-insertion is preferred for a 2,1-inserted polymer chain, which is consistent with our experimental data [91, 96] .
sPP: Stereochemistry
The results introduced so far show that Ti-FI catalysts with MAO activation are capable of inducing chain-end controlled, syndioselective propylene polymerization via a 2,1-insertion mechanism and that the steric bulk provided by the R 2 substituent plays a crucial role in the achievement of syndioselective polymerization. Pellecchia et al. described how the solvent that is employed can affect the syndioselectivity of Ti-FI catalysts (e.g., 15, 20°C, 0.27 MPa, toluene: [rr] = 87%, heptane: [rr] = 62%) [134] . Additionally, we reported that the MAO employed has a significant influence on the syndioselectivity [83] . Therefore, it seems that propylene polymerization with Ti-FI catalysts is very sensitive to the polymerization conditions employed, implying that the structure and/or properties of an active species are highly condition-dependent.
It should be pointed out that the principal behavior of Ti-FI catalysts for propylene polymerization (chain-end controlled syndioselective polymerization via 2,1-insertion) is the same as that of V-based catalysts [130] , though the V-based catalysts suffer from low stereoselectivity. There may be a similarity between the polymerization mechanisms displayed by the Ti-FI and V-based catalysts. Indeed, recently, on the basis of computational studies, Cavallo et al. have proposed a site-inversion mechanism (Fig. 7) [139], which was originally introduced to explain the syndioselective propylene polymerization exhibited by V-based catalysts [140] . The key feature of the proposed mechanism is that an active species with an octahedrally coordinated Ti center undergoes a site-inversion between propylene insertions due to the steric hindrance originating from the chain-end structure of a growing polymer chain. Namely, site-inversion between the diastereomeric Λ and ∆ configurations is much faster than propylene insertion. According to the proposal, propylene insertion to the Ti-alkyl bond of a cationic species with the Λ configuration, having a lower energy than that with ∆ configuration, leads to a new cationic species with the ∆ configuration, which undergoes site-inversion to form a cationic species with the Λ configuration prior to propylene insertion. The site-inversion is thought to proceed via dissociation of one of the imine-N donors on the ligands. The binding energy of the N-donor of a fluorinated Ti-FI catalyst is reported to be slightly lower than 15 kcal/mol based on theoretical calculations [139] .
Under the assumption that site-inversion is operating in the propylene polymerization and the catalytically active species possesses an octahedral geometry with a trans-O and cis-N disposition, the steric bulk of the R 2 substituent should have significant effects on the syndioselectivity of the polymerization (Fig. 7) , which is exactly what we observed (Tab. 3). In addition, the highly-syndioselective behavior of the catalyst, in spite of a chain-end control mechanism, can also be explained by the proposed mechanism because stereoselectivity is virtually governed by the ligand structure. Thus, the predicted catalytic properties derived from the site-inversion mechanism and our experimental results (ligand-directed chain-end control) match well [83, 92, 96] . Therefore, the site-inversion mechanism is the most probable and reasonable cause of the unexpected formation of highly-syndiotactic polypropylenes at the present time. The site-inversion mechanism leads to the concept that if propylene insertion is faster than site-inversion, a C 2 symmetric FI catalyst with sufficient steric bulk in the R 2 position can be a catalyst for the isoselective polymerization of propylene. Reduction in the site-inversion rate may be achieved by ligand modifications such as bridging the ligands and/or the introduction of steric congestion, which suppresses the siteinversion [51, 141] . As described, FI catalysts with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 systems generate a phenoxy-amine complex as a catalytically active species. The active species possesses a sterically hindered i Bu 2 Al on the amine-donor, which is expected to increase the energy barrier to site-inversion. Accordingly, we reasoned that FI catalysts with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 systems might be catalysts for the highly isospecific polymerization of propylene.
Isotactic polypropylene (iPP)
Ti-, Zr-and Hf-FI catalysts 15, 1 and 23 were screened as catalysts for the polymerization of propylene using i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 as a co-catalyst [79] . As discussed, the active species originating from the catalyst systems are suggested by 1 H NMR studies to be a bis(phenoxy-amine) complex with i Bu 2 Al attached on the aminedonor. Data for polymerization under atmospheric pressure at 25°C are presented in Tab. 4 and Tab. 5.
13 C NMR as well as GPC analyses of the PP formed revealed that the macromolecular structures and the M w and M w /M n values display a strong dependence on the central metal employed. 4 provided ultra-high molecular weight amorphous PP (M w = 8 286 000, no T m ) with a somewhat broad molecular weight distribution (M w /M n = 4.15). The molecular weight we observed represents one of the highest molecular weights among PPs ever reported [26] . Considering that one goal in polyolefin research has been to find catalysts that form high molecular weight atactic polymers (because many aspecific catalysts make low molecular weight polymers) the discovery of the Ti-FI catalyst system is of great significance. The high molecular weight atactic PPs may find applications as adhesives, compatibilizers and additives.
The relatively broad molecular weight distribution is rather unexpected, since the Ti catalyst system works as a single-site catalyst in the polymerization of higher α-olefins such as 1-hexene and 1-octene (M w /M n < 2) under similar conditions [70, 84] . This is a rare example of a catalyst system that behaves as either a singlesite or a multi-site catalyst depending on the monomer employed. The PP produced with Ti-FI catalyst 15 / i Bu 3 Al/Ph 3 CB(C 6 F 5 ) 4 is atactic ([mm] = 23%, [rr] = 28%, Fig. 8 ) and contains a certain amount of inverted propylene units (c. 9%). The reason for the formation of atactic PP (aPP) with a relatively broad molecular weight distribution (M w /M n = 4.15) is not clear at the current time. However, this unexpected molecular weight distribution may be related to the fact that several catalytically active species can coexist as a result of different binding geometries of the phenoxy-amine ligands [73, 82, 109] . Three mechanistic possibilities for the formation of aPP are currently being studied using both experimental and theoretical approaches. The first prospect is that the catalytically active phenoxy-amine Ti complex possesses an octahedral geometry with a trans-O and cis-N arrangement and the rate of propylene insertion is comparable to that of the site-inversion. The second is that the catalytically active Ti complex adopts an octahedral geometry with a cis-O and cis-N arrangement (C 1 symmetry). The third is that the cationic Ti complex possesses a five-coordinate metal center (trigonal bipyramidal or square pyramidal geometry) in which one of the amine-donors is detached. 
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Examination of the 13 C NMR methyl pentad region (Fig. 9) 4 system is the first example of a non-metallocene Hf-based catalyst system that produces iPP via a site-control mechanism. In addition, the iPP that is formed exhibits a T m (124°C) and isoselectivity ([mm] = 69%) that are very high for iPP produced with a non-metallocene catalyst. Fig. 9 . 13 C NMR spectra of the methyl pentad regions for the PPs formed with Zr-FI catalyst 1 and HF-FI catalyst 23
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A calculated structure of a catalytically active species derived from the Hf-FI catalyst 23 / i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 system (phenoxy-amine Hf complex system) in the presence of propylene is displayed in Fig. 10 . As can be seen from Fig. 10 , the cationic complex possesses approximate C 2 symmetry if one ignores the non-equivalence of the polymer chain (model: methyl group) and the coordinated propylene, though one of the Hf -N distances is elongated as a result of propylene coordination. As described, 13 C NMR analysis showed that the tacticity arises from a site-control mechanism. Therefore, the C 2 symmetry of the catalytically active species should be responsible for site-controlled isospecific propylene polymerization in which the phenoxy-amine ligands dictate the stereochemistry of successive insertions. Site- The 13 C NMR spectrum of the PP arising from Zr-FI catalyst seems to contain some atactic chains in addition to isotactic chains (Fig. 9) , which can be derived from either an iPP/aPP mixture or an isotactic/atactic stereo-block PP (or both). Considering that the Zr catalyst potentially displays plural active species with different symmetries, the polymer that is produced may be an iPP/aPP mixture. However, it cannot be ruled out that the polymer is an isotactic/atactic stereo-block PP produced through structural isomerization of an active species during propagation (either a siteinversion or another isomerization). If so, the relative rates of propagation and structural isomerization control the block size. Future work will center on a detailed mechanistic investigation of propylene polymerization using FI catalysts with i Bu 3 Al / Ph 3 CB(C 6 F 5 ) 4 activation systems.
We have demonstrated that FI catalysts are capable of polymerizing propylene with high stereoregularity to give either iPP or sPP by the variation of the central metal, the ligand architecture and the co-catalyst. FI catalysts afford a scientifically attractive system for investigating the details of stereoselective polymerization mechanisms.
Conclusion
The discovery of FI catalysts [64] [65] [66] 94, 95] has opened up new possibilities to control the molecular weights and the stereochemical structures of polymer products. FI catalysts are capable of producing PEs and ethylene/propylene copolymers with very low to ultra-high molecular weights by changing the ligand structure and by the choice of co-catalyst. Moreover, they can yield PP architectures ranging from highlysyndiotactic to isotactic by variation of the central metal, the ligand structure and the co-catalyst. The results described herein, along with other results such as the formation of various polyolefin block copolymers [66, 87, 88, 90, 94, 95] and stereo-and regio-irregular poly(higher α-olefin)s [65, 70] , indicate that a large number of novel polymers with unique microstructures can be obtained with FI catalysts. The unique
